A new slowly growing nonphotochromogenic Mycobacterium species of clinical importance is described. The biochemical characteristics of this organism were similar to those of Mycobacterium xenopi and members of the Mycohcterium avium complex. However, none of the strains reacted with commercially available genetic probes for the M. avium complex. The strains were resistant to most antituberculosis drugs. Multilocus enzyme electrophoresis revealed two original electrophoretic types, which was suggestive of new species. The strains contained a-, keto-, and dicarboxylic mycolates, as determined by thin-layer chromatography. A mycolic acid analysis by high-performance liquid chromatography revealed a chromatographic pattern similar to that of M. xenopi, but distinct from the patterns of previously described Mycobacterium species. Hexadecanoic and tuberculostearic acids were identified as the major cell wall fatty acids by gas-liquid chromatographic analysis; hexacosanoic acid was the major mycolic acid cleavage product, and 2-eicosanol was the major alcohol.
Unusual strains not considered typical of previously described Mycobacterium species were received from the Veterans Administration Laboratory, West Haven, Conn. These organisms were patient isolates obtained from diverse geographic locations in the United States. Subsequently, additional strains were collected and characterized at the Centers for Disease Control, and the results corroborated the results of a previous study performed with high-performance liquid chromatography (HPLC) which identified them as members of a new Mycobactenurn species (2) . The isolation of these bacteria from clinical specimens may pose a problem since they are resistant in vitro to most of the commonly used antituberculosis drugs. The strains were extensively characterized and found to be unique. The new species is named Mycobacteriurn celatum.
MATERIALS AND METHODS

Strains of mycobacteria.
The sources of the strains, their designations, and their geographic distribution are shown in Table 1 .
Growth temperatures, colonial and cellular features, and biochemical tests. Single-colony isolates of each strain were selected by using a magnification of x10 and tested for purity. After each separate colonial isolate was grown in Middlebrook-Cohn 7H9 liquid medium, agar plates containing Middlebrook-Cohn 7H10 medium (7H10 medium) were streaked, and the growth was examined visually for purity. In addition, individual colony isolates were examined by performing an HPLC analysis of mycolic acids to verify the unique chromatographic patterns (2) . The growth of the strains was examined on Lliwenstein-Jensen (L-J) egg medium and 7H10 medium incubated at 27, 30, 33, 37 , 42, and 45°C. Morphologic variation in colonies was determined by examining L-J medium cultures incubated at 37°C. Pigmen-* Corresponding author. tation and photoinduction of pigment production were determined on 7H10 agar incubated at 37°C. Cell morphology was determined by microscopic examination (magnification, ~1 , 0 0 0 ) of colonies picked from L-J medium slants incubated at 37°C for 4 to 6 weeks. Acid-alcohol fastness was determined by the Kinyoun acid-fast staining procedure (12) . The following biochemical tests were conducted: 3and 14-day arylsulfatase, semiquantitative catalase, heat-stable catalase (pH 7, 68"C), iron uptake, growth on MacConkey agar without crystal violet, niacin production, nitrate reduction, pyrazinamidase, sodium chloride tolerance, tellurite reduction, thiophen-2-carboxylic acid hydrazide susceptibility, Tween hydrolysis, Tween opacity, and urease (12) .
Seroagglutination. Bacterial suspensions were tested for agglutination by mixing them with dilutions of 28 antisera from members of the Mycubactenurn avium complex, using a modified Schaefer method (9, 26) .
Genetic probes. Specific radioactive DNA probes complementary to the rRNA of M. avium or Mycobacterium intracellulare were used initially in an identification test (Gen-Probe, Inc., San Diego, Calif.) (8) . Subsequent tests were performed with nonradioactive DNA hybridization probes (Accuprobe; Gen-Probe) specific to M. avium and M.
intracellulare. Strains were also tested with a nonradioactive DNA probe, the Snap X probe (Syngene, Inc., San Diego, Calif.), which was reported to react with certain members of the M. avium complex that did not react with the speciesspecific probes obtained from Gen-Probe (18). The positive control strains used for the probe tests were M. avium ATCC 25291T (T = type strain) and M. intracellulare ATCC 13950T.
Drug susceptibility. The method of proportions (12) , performed on 7H10 agar containing oleic albumin dextrose catalase enrichment, was used to determine the percentage of each bacterial population resistant to each drug tested. The drugs tested and the concentrations used are given in Table 2 . In addition, resistance to pyrazinamide (25.0 pg/ml) was tested at pH 5.5 by using 7H10 agar (12) . Five clinical isolates of Mycobactenurn xenopi and nine clinical isolates of M. avium were included for comparison.
Multilocus enzyme electrophoresis. Enzymes were extracted and separated on 11% starch gels in a Tris-citrate buffer system by electrophoresis as previously described (33) . Indirect genetic relationships among electrophoretic types (ETs) were determined by using an SAS software program (31) and an average-linkage clustering method from a matrix of coefficients of weighted distances (27) based on the mobilities of 14 enzymes.
Mycolic acid analysis. Mycolic acids were extracted from cells grown on L-J medium slants and were examined by one-dimensional thin-layer chromatography (TLC) performed with two different solvent systems, as previously described (15, 21). Methyl esters of mycolic acids for TLC were formed with diazomethane freshly prepared from N-methyl-N-nitroso-p-toluenesulfonamide, as recommended previously (16). One-dimensional TLC was performed with two Silica Gel F254 plates (20 by 20 cm; E. Merck AG, Darmstadt, Germany). One TLC plate was chromatographed in petroleum ether-ether (90: 10, vol/vol), removed, allowed to dry, and then chromatographed again in the same solvent. This procedure was repeated a total of three times. The other TLC plate was chromatographed once in dichloromethane. The plates were sprayed with a solution of potassium dichromate and sulfuric acid and then charred for 10 min at 110°C to reveal the mycolic acids.
Mycolic acids were also examined by HPLC with gradient elution by using methylene chloride and methanol, as described previously (2) . Pirouette software (Infometrix, Seattle, Wash.) was used to evaluate the HPLC pattern similarity by hierarchical cluster analysis. Fatty acid analysis. Fatty acid methyl esters, alcohols, and mycolic acid cleavage products were analyzed by gas-liquid chromatography (GLC) as described previously (14). The fatty acid methyl ester and alcohol peaks were identified by comparing retention times with retention times of authentic methyl ester and alcohol standards (Supelco, Inc., Bellefonte, Pa., and Sigma Chemical Co., St. Louis, Mo.). The identities of all compounds were confirmed by combined GLC-mass spectrometry, using a DuPont model 491-B mass spectrometer interfaced with a Teknivent (Maryland Height, Mo.) data system. Compounds were separated with an OV-101 capillary column (0.53 mm [inside diameter] by 25m) whose temperature was programmed to increase from 180 to 290°C at a rate of 6"C/min. The operating parameters of the mass spectrometer were as follows: electron multiplier, 1,500 V; electron impact energy, 70 eV; source temperature, 220°C. Both electron impact and chemical ionization spectra were obtained.
Polymerase chain reaction-RFLP analysis of the heat shock protein gene (hsp6.5). A two-step assay in which a polymerase chain reaction was followed by a restriction fragment length polymorphism (RFLP) analysis was used to compare strains randomly selected from the strains listed in Table 1 . The method has been described previously (22) . Crude lysates of bacterial suspensions prepared for isoenzyme typing were diluted 1:lOO and used as template DNAs in the polymerase chain reaction to amplify an approximately 1,380-bp sequence from the hsp65 gene. Samples of the amplified product were digested with restriction enzymes BstNI and XhoI in separate reactions and then separated by electrophoresis on 6% polyacrylamide gels, and the DNA fragments were visualized with ethidium bromide. The gels were photographed with positive-negative film. The banding patterns were digitized from the negatives, normalized, and analyzed by using the Dice coefficient by computer as previously described (28) . Similarity values were clustered by an unweighted pair group method, using the arithmetic average technique described previously (23) .
Amplification and sequencing of ribosomal DNA. Template DNA for direct sequencing was produced by enzymatic amplification of 16s ribosomal DNA with primers fD1 and rD1 as described by Weisburg et al. (32) . The amplification conditions used and purification of template DNA by using streptavidin-coated magnetic beads have been described previously (3) . Sequencing reactions were done with T7 DNA polymerase (Sequenase 2.0; U. S. Biochemical) according to the manufacturer's recommendations by incorpo-rating C X -~~S -~A T P as the label. The oligonucleotides used as sequencing primers have been described previously (3, 29) . Sequencing reaction mixtures were resolved on 8% polyacrylamide gels containing 7 M urea (Marathon Gel-Mix 8; GIBCO BRL, Gaithersburg, Md.). Following electrophoresis, the gels were transferred directly to paper and dried under a vacuum. Autoradiographs were exposed for a minimum of 2 days.
Phylogenetic analyses. The 16s rRNA sequences from two M. celatum strains, 16 other slowly growing species of mycobacteria, and Nocardia asteroides were aligned by using the multisequence alignment program PILEUP, which is part of the GCG software package (4). The sequence alignment was masked to remove regions of alignment uncertainty, leaving 1,332 positions for calculation of evolutionary distances. Phylogenetic relationships were inferred by using version 3.4 of the PHYLIP software package (6) . A similarity matrix was calculated by the method described by Jukes and Cantor (10) . A dendrogram was constructed by using the neighbor-joining method of Saitou and Nei (25) .
Nucleotide sequence accession numbers. The GenBank nucleotide accession numbers for strains ATCC 51131T (= CDC 90-0899T) and ATCC 51130 (= CDC 89-0444) are LO8169 and LO8170, respectively.
RESULTS AND DISCUSSION
Strains were obtained from diverse geographic areas throughout the United States. We studied 24 strains; 4 strains were from two patients, 2 strains were from a proficiency study, and the remaining strains were singlepatient isolates. Most of the strains were isolated from bronchial wash specimens (seven strains) or sputum specimens (nine strains). However, three strains were isolated from other sources (one each from stool, spine, and blood). We were not able to obtain complete clinical data for all patients, but seven (32%) of the patients were human immunodeficiency virus (HIV) positive, and four (18%) were HIV negative; the HIV status of the other patients was unknown (Table 1) .
M. celatum cells were acid-alcohol fast. They were predominantly rod shaped, occasionally coccoidal, and frequently bent. Although the organism was somewhat filamentous in character, no branching or cord formation was observed. Cells were slender (width, 0.25 to 0.5 pm; length, 0.5 to 13.0 pm).
Growth on L-J medium was slow for 20 of the 24 strains and was barely visible to the naked eye after 3 weeks of incubation at 37°C ( Table 2) . After 5 weeks, growth was observed at all six temperatures tested, but maximal growth was observed only in tubes incubated at 33, 37, and 42°C. The poorest growth occurred at 45°C. Comparable results were observed on 7H10 agar at the same temperatures, although growth was observed as early as 7 days at 33, 37, and 42°C. Mature colonies were 0.5 to 1.0 mm in diameter on 7HlO agar.
Examination of the 24 strains on 7H10 agar revealed colonies that were polymorphic and similar to colonies of species belonging to the M. avium complex. The predominant colonies were small, smooth, dome shaped, and nonpigmented. The larger colonies were smooth and domed shaped; occasionally, a pale yellow pigment was observed in older cultures. Infrequently, flat transparent colonies were observed. Polymorphism was not prominent in young cultures, but was a major feature as cultures on 7H10 agar became older. The growth observed on L-J medium slants incubated for 3 weeks at 37°C consisted of uniform colonies that appeared to be smooth, domed shaped, and nonpigmented. Only after 10 weeks did the colonies develop a pale yellow pigment. A total of 59 colonies were randomly picked from the 24 strains growing on 7H10 agar, subcultured in Middlebrook-Cohn 7H9 broth, restreaked onto 7H10 plates, and then examined by using a magnification of ~1 0 to determine colony morphology and stained for acid fastness. All of the subcultured colonies were visually pure morphologically and were acid fast. The mycolic acid patterns determined by HPLC for these progeny were identical to the patterns observed for the parent cultures. Cultures of these newly identified strains were nonphotochromogenic.
The M. celatum strains were remarkably homogeneous in their reactions in the traditional biochemical tests and appeared to be most similar to M xenopi. The strains were positive in the 3and 14-day arylsulfatase tests, the heatstable catalase test, the tellurite reduction test, and the pyrazinamidase test. They produced less than 45 mm of foam in the semiquantitative catalase test. They were negative for niacin production, nitrate reduction, Tween opacity, and iron uptake and did not exhibit enzymatic hydrolysis of Tween 80 or urease activity. The strains failed to grow on L-J medium containing 5% sodium chloride or on MacConkey agar without crystal violet. They were resistant to the action of thiophen-2-carboxylic acid hydrazide ( Table 2 ). All strains failed to agglutinate with the 28 standard antisera prepared to M. avium complex reference strains.
M. celatum is similar biochemically and morphologically to a group of strains recently described by Brander et al.
(1). This group of 14 strains was reported to resemble M. xenopi, the M. avium complex, and Mycobacterium shimoidei; unfortunately, the strains were not available for comparative studies. Additional studies are necessary to determine the relationship of these strains to M. celatum. Species-specific identification tests performed with the radiolabeled genetic probes (Gen-Probe) were negative for M. avium and M. intracellulare. As expected, tests with the acridinium ester-labeled DNA probe (Gen-Probe) were also negative. In addition, the Snap X probe (Syngene), which was designed to react with members of the M. avium complex, gave negative results.
M. celatum strains were susceptible to 10.0 pg of streptomycin per ml and ciprofloxacin but were completely or partially resistant to the other drugs tested ( Table 2 ). The M. avium control strains were susceptible to rifabutin but exhibited complete or partial resistance to all of the other drugs tested. The M. xenupi control strains were susceptible to 10 kg of streptomycin per ml, 5 kg of isoniazid per ml, ciprofloxacin, kanamycin, rifabutin, and cycloserine but were completely or partially resistant to the other drugs tested. In general, M. xenopi strains were susceptible to more drugs than M avium strains. M. celatum strains were more drug resistant than M. xenopi.
The indirect genetic diversity of the strains was studied by using multilocus enzyme electrophoresis, which has been shown to be sensitive enough to differentiate M. aviurn serotypes (33) . The indirect genetic relationships were based on the mobilities of 14 enzymes. An examination of 21 strains revealed that there were two ETs. ET 1 contained eight strains, and ET 2 contained 13 strains (Table 1) 19977T (lanes l), Mycobactetium tuberculosis  ATCC 27294T (lanes 2), Mycobactenurn srnegmatis ATCC 19420T (lanes 3), M. avium ATCC 25291T (lanes 4), M. xenopi ATCC 19970 (lanes  5), M. celatum CDC 90-0899T (= ATCC 51131T) (lanes 6), M. celatum CDC 89-0444 (= ATCC 51130) (lanes 7), M. celaturn CDC 91-1438  (lanes 8), M. celaturn CDC 92-0605 (lanes 9), and M. celaturn CDC 89-0639 (lanes 10). Mycolic acid designations: I, a-mycolate; 11,  a'-mycolate; 111, methoxymycolate; IV, ketomycolate; V, epoxymycolate; VI, dicarboxylic mycolate; and a, alcohol-esterifying Clinically important slowly growing Mycobacterium species can be differentiated by amplification of the hsp65 gene followed by RFLP analysis (22). DNA bands generated with restriction enzymes BstNI and XhoI were analyzed by a computer comparison program to demonstrate similarities of patterns and the uniqueness of the M. celatum strains. The RFLP analysis of the amplified sequence of the hsp65 gene gave two patterns for M. celatum strains. The patterns were designated RFLP pattern A , which contained seven DNA bands, and RFLP pattern B, which contained six DNA bands. Both patterns were distinctly different from the patterns generated by M. xenopi and M. avium (Fig. 3) . Moreover, a direct correspondence was found between the two RFLP patterns and the two ETs demonstrated by the isoenzyme analysis (Table 1) . It is not unusual to find that a species (in this case M. celatum) produces two patterns, as this type of intraspecies variation has been found in analyses of Mycobacterium kansasii and Mycobacterium gordonae.
A comparative computer analysis of the M. celatum patterns and a library consisting of the patterns of 15 Mycobacterium species showed that the two groups of M. celatum have a Dice similarity coefficient of 0.81. The M. celatum strains were more closely related to M. avium (Dice   FIG. 3. RFLP profiles of the 1,380-bp hsp65 amplicons of M.  celatum strains. Lanes 4 through 7 contained M. cehtum RFLP  pattern A strains, and lanes 8 through 11 contained RFLP pattern B  strains. RFLP patterns were generated by digesting with BstNI the  1,380-bp amplicons from M. xenopi 80184 (lane 2) and 80228 (lane 3),  M. celuhcm CDC 89-2293 (lane 4), CDC 89-2370 (lane 5), CDC   90-0144 (lane 6), CDC 90-0251 (lane 7), CDC 89-0446 (lane 8), CDC  89-1517 (lane 9), CDC 89-1954 (lane lo), and CDC 89-3224B (lane  l l ) , and M. avium CDC 90-9116 (lane 12) . The size markers were Hue111 fragments of 4x174 replicative-form DNA (lane 1). 16s RNA analysis (7, 13) . An alignment of partial 16s rRNA gene sequences from M. celatum ATCC 51131T and ATCC 51130 is shown in Fig. 4. A total of 1,460 the slowly growing mycobacteria included in this study were found to be highly related, with similarity values of 94.7% or greater (Table 3 ). This degree of similarity has been noted previously (24, 30) . When they were compared with the previously described sequences of other Mycobacterium species, the rRNA sequences of the M. celatum strains were most similar to the Mycobacterium asiaticum sequence (average level of similarity, 97.5%). A 10-nucleotide difference was found between the sequences of M. celatum types 1 and 2. Dealing purely with the molecular evidence may imply that two species should be distinguished. However, simple phenotypic differentiation of the genospecies was difficult (16). Therefore, at this time we decided not to assign the two types of M. celatum to separate species. Figure 5 shows a phylogenetic tree inferred from the similarity matrix data in Table 3 . The tree was stable to shuffling of the input order of the sequences during its construction. Elements of this tree have been reported in previous phylogenetic studies of mycobacteria (24, 30) . On the basis of biochemical reactions and growth characteristics, M. celatum type 1 and 2 strains are most similar to M. xenopi. It was found that these organisms are also related phylogenetically. The M. celatum strains and M. xenopi formed a subgroup within the slowly growing mycobacteria. This subgroup diverged early in the evolution of the slowly growing species included in this phylogeny.
Important genetic information for a species is obtained by
Taxonomic description of Mycobacterium celahrm sp. nov. Mycobucterium celatum (ce.la' tum. L. neut. part. adj. celutum, hidden or concealed, referring to the concealed nature of these organisms among the recognized Mycobacterium species). Cells are acid-alcohol fast, slender, and predominantly rod-shaped, with occasional coccoidal forms (0.25 to 0.5 by 0.5 to 13.0 pm). Does not form cords or branches. Eugonic growth on L-J medium occurs at 33, 37, and 42°C in 3 to 5 weeks. Dysgonic growth occurs at 27,30, and especially 45°C. Comparable results are found on 7H10 agar medium at these temperatures, but growth is visible in 1 week. Older colonies are polymorphic, usually smooth, dome shaped, and nonpigmented or pale yellow or infrequently, flat and transparent. Cultures are nonphotochromogenic. All strains produce less than 45 mm of foam in the semiquantitative catalase test and are negative in tests for niacin production, nitrate reduction, Tween opacity, iron uptake, and enzymatic hydrolysis of urea and Tween. They do not grow on L-J medium containing 5% sodium chloride or on MacConkey agar without crystal violet, but are resistant to thiophen-2-carboxylic acid hydrazide. All strains are positive in 3-and 14-day arylsulfatase, heat-stable catalase, pyrazinamidase, and tellurite reduction tests. Strains are completely or partially resistant to most antituberculosis drugs tested but are susceptible to a high concentration of streptomycin (10.0 pg/ml) and capreomycin. M. celutum produces a-, keto-, and dicarboxylic mycolic acids, as well as a secondary alcohol chemically released from dicarboxylic mycolate during saponification. Evaluation of the 16s rRNA sequence data confirms the phylogenetic position of M. celatum among the slowly growing Mycobacterium species. Type strain CDC 89-0899, which is representative of type 1 (ET 1 and RFLP pattern A), was isolated from sputum produced by a 74-year-old human female; a culture of this strain has been deposited in the American Type Culture Collection as strain ATCC 51131. An additional strain, CDC 89-0444, which is representative of type 2 (ET 2 and RFLP pattern B), was isolated from a bronchial wash specimen from a 47-year-old human male; this strain has been depos-ited in the American Type Culture Collection as strain ATCC 51130.
Characteristics which differentiate M. celatum from other related mycobacteria. M. celutum is a slowly growing Mycobacterium species that is nonphotochromogenic and produces less than 45 mm of foam in the semiquantitative catalase test, but is positive in the heat-stable catalase test. Usually, M. avium complex, M. xenopi, M. malmoense, and M. shimoidei strains behave in the same manner. The mycolic acids, as determined by HPLC, produce chromatographic patterns most similar to the M. xenopi pattern but clearly distinct from the patterns of all other previously described species, including species belonging to the M. avium complex (2) . Moreover, TLC analysis of the mycolic acids has shown that M. malmoense produces a-, a'-, and ketomycolates, whereas M. shimoidei produces these mycolates as well as an additional dicarboxylic mycolate. M. xenopi, M. avium, and M. celatum produce a-, keto-, and dicarboxylic mycolates. M. celatum most closely resembles M. xenopi but can be differentiated from M. xenopi by its poor growth at 45"C, optimal growth at 37"C, production of large colonies on 7H10 agar, and production of a trace of to 2% 2-docosanol. Also, M. xenopi strains are usually susceptible to rifabutin, whereas M. celatum is usually (20 of 24 strains) resistant to this drug.
The 16s rRNA sequence of M. celatum is unique.
